We carried out a magnetohydrodynamics simulation where a subsurface twisted kink-unstable flux tube emerges from the solar interior to the corona. Unlike the previous expectations based on the bodily emergence of a knotted tube, we found that the kinked tube can spontaneously form a complex quadrupole structure at the photosphere. Due to the development of the kink instability before the emergence, the magnetic twist at the kinked apex of the tube is greatly reduced, although the other parts of the tube is still strongly twisted. This leads to the formation of a complex quadrupole structure: a pair of the coherent, strongly twisted spots and a narrow complex bipolar pair between it. The quadrupole is formed by the submergence of a portion of emerged magnetic fields. This result is relevant for understanding of the origin of the complex multipolar δ-spot regions that have a strong magnetic shear and emerge with polarity orientations not following Hale-Nicholson and Joy Laws.
INTRODUCTION
Magnetic flux emergence from the solar interior to the overlying atmosphere is responsible for the formation of active regions (Parker 1979; Fan 2009; Cheung & Isobe 2014) , and therefore it is the driver of various explosive phenomena (Shibata & Magara 2011; Takasao et al. 2013) . The free energy buildup in the corona during flux emergence, which is essential for the eruptive events, has been extensively studied by many authors (e.g. Magara & Longcope 2003; Manchester et al. 2004; Fang et al. 2012; Cheung & DeRosa 2012) .
It has been known that certain photospheric configurations of active regions are closely related to the flare activity (e.g. Kurokawa 1989; Shi & Wang 1994) . The so-called "δ-spot regions" are known to be among the most flare-productive active regions (Sammis et al. 2000) , in which sunspot umbrae of opposite magnetic polarities are pressed together in a common penumbra. The population of the δ-spot regions is small, but they are the main source regions of the large flares (According to Sammis et al. (2000) , more than 80% of Xclass flares occur in δ-spot regions). In this sense, δ-spot regions have a significant impact on the space weather.
Observations show that a fraction of the δ-spot regions have strong magnetic shear along the polarity inversion line and emerge with polarity orientations not following the Hale-Nicholson and Joy Laws (hereafter, Joy's law) obeyed by the majority of active regions (Zirin & Liggett 1987) . It is speculated from observations that they are formed as a result of the emergence of current-carrying (twisted) flux tubes (e.g. Leka et al. 1996) , which implies that a considerable amount of the free energy is stored in such δ-spot regions. In addition, they tend to appear with complex multipolar spots (Zirin & Tanaka 1973; Ishii et al. 1998) . Multipolar regions are generally more favorable for the ejections than bipolar regions (Antiochos 1998) , because smaller energy is enough for plasma to escape from the closed magnetic field region (the number of the field lines that plasma has to stretch is much smaller than that for the bipolar systems). Therefore, their strong magnetic shear and multipolar structure are important characteristics of the flare-active δ-spot regions.
It is suggested that δ-spot regions are formed as a result of the emergence of the twisted flux tubes with an abnormal structure. Tanaka (1991) analyzed the time evolution of the August 1972 δ-spot region in detail. He found that the behavior of this region can be explained by the emergence of a twisted flux tube with a knotted structure, and the twist and writhe of the flux tube having the same sign. Kurokawa et al. (2002) also reported an event which is likely related to the emergence of a knotted flux tube.
If a flux tube is sufficiently twisted, then it can be subject to the kink instability below the photosphere, where the kink instability is a magnetohydrodynamic (MHD) instability of a highly-twisted flux tube. When the kink instability sets in, the field-line twist about the axis will be converted to the writhe of the axis as a result of helicity conservation (the twist around the axis will be reduced), and therefore the tube will be knotted or kinked (Moffatt & Ricca 1992) . It should be noted that the twist and writhe in this case have the same sign, where a positive/negative twist (writhe) is defined as right/left-handed twist (writhe).
It is believed that the sign of the tilt angle of an active region with respect to the solar equator can be used as a proxy for the sign of the writhe. Therefore, investigating the relation of the sign for the twist and tilt from observations is an important step to check the possibility of the kink instability scenario. Statistical studies of the correlation between active region twist and tilt angles have been performed (Tian & Liu 2003; Holder et al. 2004; Tian et al. 2005) . Holder et al. (2004) found a significant correlation between active region twist and tilt angles by analyzing 368 active regions, where the correlation between them denotes that twist and writhe have the same sign. They identified that the correlation is mainly contributed by those active regions (174 of 368 regions) that deviate significantly from Joy's law. Tian et al. (2005) obtained a similar result by surveying 104 δ-spot regions. Takizawa & Kitai (2015) also confirmed this result by looking at the birth phase of the 31 flare-productive δ-spot regions in the cycle 23. Detailed case studies (e.g. Tanaka 1991; López Fuentes et al. 2003) have shown that a non-negligible fraction of these active regions seems formed by the emergence of kinked flux tubes with the same sign for twist and tilt. Nandy (2006) found the tendency that δ-spot regions have stronger twist than others, which may support the idea of the kink instability scenario.
There are several theoretical investigations of kink unstable flux tubes in the context of the formation of flare-productive active regions (Linton et al. 1996; Matsumoto et al. 1998; Linton et al. 1999; Fan et al. 1999) . Matsumoto et al. (1998) performed the first 3D MHD simulations of the emergence of kinked flux tubes into the corona, and they argued that the emergence of kinked flux tubes can explain the formation of a sequence of (strongly sheared) S-shaped active regions. Linton et al. (1999) studied basic properties of a kink unstable flux tube with high plasma-β, but neglected gravitation, where the plasma-β is defined as the ratio of the gas pressure to the magnetic pressure. Fan et al. (1999) performed several sets of MHD simulations of the rise of kink unstable flux tubes in the interior of the Sun. They found that the kinking motion is promoted by the gravitational stratification, and that a kinked tube has strong shear along the polarity inversion line (PIL) in the buckled part. Since the models by Linton et al. (1996) and Fan et al. (1999) are confined to the solar interior, it remains unclear if the kinked tube can emerge into the atmosphere to produce the observational characteristics of δ-spot regions. Moreover, another important observational feature is that many δ-spot regions contain multipolar spots (e.g. Zirin & Tanaka 1973) , which is not explained by the kinked tube model of Linton et al. (1996) and Fan et al. (1999) .
Other mechanisms to form δ-spot regions have also been considered. For instance, Toriumi et al. (2014) and Fang & Fan (2015) performed MHD simulations of the emergence of a single twisted (kink stable) flux tube with two buoyant segments, and they successfully obtained δ-spot-like regions as a result of the collision of the non-paired spots. Toriumi et al. (2014) showed that the sheared polarity inversion line does not form when the pair of photospheric bipoles are due to the emergence of two adjacent (but unconnected) flux tubes. Considering their result, the multipolar spots should be magnetically connected below the surface to keep the active region compact.
In this paper, we present the results of an MHD simulation in which a subsurface twisted kink-unstable flux tube emerges from the solar interior into the corona. From this simulation we found that a complex quadrupole structure is spontaneously formed as a result of the emergence of a single kinked flux tube. The remainder of the paper is structured as follows. Section 2 describes the numerical setup of our simulation. In Section 3, we show numerical results of the emergence of a kinked flux tube, and briefly compare our simulation with observations. Finally, in Section 4, we discuss our findings through comparison with previous studies, and also discuss the implications of this work for understanding of the formation of δ-spot regions.
NUMERICAL SETUP

Basic Equations
We solved the MHD equations in the following form:
where ρ is the density, v is the velocity vector, B is the magnetic field vector, e is the total energy density, and p is the gas pressure. γ is the specific heat ratio (here 5/3). The equation of state for the ideal gas is used. The gravity g = −g 0ẑ is a constant vector and the nondimensional form is given by g = (0, 0, −1/γ). The normalization units of our simulations are summarized in Table 1 . In the expanding magnetic field in the corona, the plasma β can become very small, where the calculated gas pressure can be negative due to numerical errors. To avoid the numerical instability, the energy equation in the low-beta (β < 0.01) regions is replaced by the following equation:
where e int = p/(γ − 1). In Equation 3, η is the magnetic diffusivity, and an anomalous resistivity model is assumed:
where η 0 = 0.1, J c = 0.1 and ρ c = 0.1. Density is normalized such that ρ = 1 corresponds to the density at the photospheric base (see also Table 1 ). Thus, the resistivity works only in the region where the current density is strong above the photosphere.
The numerical scheme is based on Vögler et al. (2005) : Spatial derivatives are calculated by the 4th-order central differences and temporal derivatives are integrated by a 4-step Runge-Kutta scheme. We also adopt the artificial diffusion term described in Rempel et al. (2009) to stabilize the numerical calculation. Errors caused in ∇ · B are controlled by using an iterative hyperbolic divergence cleaning method, where the cleaning technique is based on the method described in Dedner et al. (2002) .
Initial and Boundary Conditions
The initial background atmosphere consists of three regions: an adiabatically stratified static atmosphere (representing the convection zone), a cool isothermal layer (photosphere/chromosphere), and a hot isothermal layer (corona) (see Figure 1 (a) ). The initial distribution of temperature is given as
for the convection zone (0 ≤ z ≤ z ph ), and
for the upper atmosphere (z ≤ z ph ), where T ph and T cr are the temperatures in the photosphere and the corona, and are set to T 0 and 150T 0 , respectively. |dT /dz| ad ≡ (γ −1)/γ is the adiabatic temperature gradient. The photospheric height is z ph = 80H p0 , and the transition region between the chromosphere and the corona is located at z tr = z ph + 18H p0 = 98H p0 . The width of the transition w tr is set to 2H p0 . A magnetic flux tube is initially located below the photosphere (the depth is ∼ 10 Mm). The longitudinal and azimuthal components of the flux tube are respectively given by
where
, and B tube,0 = 53B 0 . R tube = 5H p0 is the radius of the tube. These profiles are truncated at r = 3R tube . The total magnetic flux of 3 × 10 20 Mx is assumed. The plasma β at the center of the initial tube is approximately 20. α is a measure of the twist of the flux tube, and is set to −1.5 (negative sign denotes the left-handed twist). Note that α is defined as a non-dimensional constant here. α/R tube gives the rate of field line rotation per unit length along the tube. The absolute value of α is larger than the critical value for the kink instability, 1, and therefore the flux tube is initially kink-unstable. The vertical distributions of the density, pressure, temperature, and magnetic field strength in the initial condition are shown in Figure 1 
resolved by a 600 × 600 × 740 grid. In the x and y-directions, the mesh size is ∆x = ∆y = 0.25H p0 within |x|, |y| < 30H p0 and gradually increases up to 0.8H p0 for |x|, |y| > 30H p0 . In the z-direction, the mesh size is ∆z = 0.24H p0 within 0 ≤ z ≤ z ph + 40H p0 , and for z > z ph + 40H p0 , it gradually increases up to 1.6H p0 . To facilitate investigation of the coupling between the kink and Parker instabilities, we take a domain size large enough to allow the latter to develop. The critical wavelength for it is ∼ 9 times the local pressure scale height, ∼ 230H p0 , which is comparable to or smaller than the calculation domain size in the x-direction, 248H p0 .
We make the flux tube buoyant by introducing a small perturbation to the density in the flux tube. The perturbation is described as
where ρ 0 is the unperturbed density, ǫ = 0.2 and λ = 15H p0 . We have checked that the evolution of the rising flux tube is not sensitive to the wavelength of the initial perturbation.
The boundaries in the x-direction (the direction of the initial flux tube axis) are assumed to be periodic. The boundaries in the y and z-directions are assumed to be a perfectly conducting wall and is non-penetrating. Many previous studies adopted a fee boundary condition for the top boundary, but we applied the non-penetrating boundary for it to avoid numerical instabilities arising from the use of a free boundary condition. The top boundary is located at a much higher position (z = 294H p0 ) than the top of the emerging coronal loops (z ∼ 200H p0 ), and therefore the top boundary will not significantly affect the evolution of the flux emergence process.
NUMERICAL RESULTS
Evolution of Flux Tube in the Solar Interior
The rise of the flux tube with a single buoyant segment is shown in Figure 2 . Since the tube is initially kink-unstable, the knotted structure develops during the rise, as in the previous study by Fan et al. (1999) . In this study, the box size in the x-direction is ∼ 9 times larger than the pressure scale height at the initial tube axis, whereas they are similar in Fan et al. (1999) . With the larger domain size, the rising tube develops a Ω-shape with a central kinked part.
To examine the deformation and expansion of the apex of the rising tube, we looked at the relation between the plasma density and the magnetic field strength of the most buoyant part. We confirmed that the magnetic field strength of the most buoyant part can be well described by B ∝ ρ 1/2 (see Figure 3) , which means that the flux tube experiences a strong horizontal expansion during its rise to the surface (Cheung et al. 2010 ). The strong horizontal expansion leads to the formation of a pancake-like (flat, horizontally extended) magnetic distribution below the surface (see Figure 2) . Because of the deformation by the kinking and the strong horizontal expansion, it is difficult to deduce the resulting photospheric and coronal magnetic structures only from the magnetic structure of the rising kinked flux tube in the interior of the Sun.
Formation of Complex Quadrupole Structure at Photospheric Level
The evolution of the vertical components of the photospheric (z = 80H p0 ) and chromospheric (z = 96H p0 ) magnetic field, B z , is displayed in Figure 4 . At the beginning of the emergence (t = 305τ ), a pair of opposite polarity spots (we call them the "main pair") appear with a large inclination with respect to the initial axis direction (x-direction). As time progresses, another pair of strong magnetic regions appear at the middle of the main pair of spots (called the "middle pair"). Later, the structure of the middle pair becomes disordered, although the main spots show a coherent structure and strong twist. The main pair and middle pair have the maximum field strength of ∼ 10B 0 and ∼ 3-4B 0 , respectively.
In order to describe the motion of this quadrupole region, we measured the flux-weighted centroids of positive and negative polarities (x ± , y ± ), where
Relative motion of the positive and negative polarities at the photosphere is shown in Figure 5 . The centroid position for each polarity is computed including all the parts of that polarity (i.e. include both the main pair and the middle pair). The tilt angle of this region, measured from the positive x-direction, is large at the beginning of the emergence (note that the direction of the initial tube axis is in the x-axis). However, it becomes smaller later. This change may be regarded as a clockwise motion of this region, as predicted by the emergence of a knotted tube with a left-handed twist (Tanaka 1991; Linton et al. 1999) . We note that the distance between the flux-weighted centers of the opposite polarities increases as time progresses.
It should be noted that a complex quadrupole structure is formed by the emergence of a kinked tube with a single buoyant segment, not with two buoyant segments assumed in the previous studies by Toriumi et al. (2014) and Fang & Fan (2015) . The narrow middle pair becomes prominent well after the emergence of the main pair, and its structure gets disordered, but the chromospheric B z maps in Figure 4 show a more smooth quadrupole distribution than the photospheric distribution.
We investigated the formation of the middle pair. Figure 6 shows the temporal evolution of the vertical velocity v z at the center (x, y) = (0, 0) during the formation. Magnetic field is rising in the early phase (t = 310τ ), but later v z becomes negative, which means the submergence of emerged magnetic fields. Figure 7 (a) displays the 3D magnetic field evolution, where it is shown that the middle pair is formed as emerged magnetic fields submerge. For this reason, the middle pair appears after the formation of the main pair. To clarify the cause of the submergence, we measured the vertical forces at the center. Figure 7 (b) indicates that the sum of the upward Lorentz force and pressure gradient becomes weaker than the downward gravitational force, which means that the submergence is caused by the downward motion of the heavy material.
Evolution of Coronal Magnetic Field
Figure 8 (a-c) illustrate the evolution of the magnetic field and density distribution in the y-z plane at x = 0. Two magnetic flux concentrations are located just below the photosphere at the beginning of the emergence (t = 300τ ) with a single arcade field emerging into the atmosphere. In this model, as in many previous numerical models of emerging flux, the expansion of the magnetic arcade into the atmosphere is enabled by a magnetic RayleighTaylor instability (e.g. Shibata et al. 1989; Matsumoto et al. 1993; Archontis et al. 2004) . As the expanding arcade plows through the atmosphere, plasma is compressed above the arcade, leading to a top heavy layer (see Figure 8 panel d) . Due to the continued emergence of the two strong flux concentrations, and the comparatively weaker twist at the middle between the two concentrations, the top heavy layer is driven to accumulate plasma at a central dip (see Figure 8 panels d and e) . The continued plasma accumulation results in the submergence of the heavy plasma at the dip and the formation of the two adjacent magnetic arcades.
A snapshot of the 3D coronal magnetic structure is shown in Figure 9 . The current sheet indicated in Figure 8 (c) is located between the blue and yellow magnetic arcades, where magnetic reconnection takes place. Two sets of the new loops colored purple and white are interpreted as reconnected field lines (Figure 9 (a-d) ). Looking at the reconnection site, we see the reconnection angle (the angle between the merging field lines) is not 180 degree (i.e. not perfectly antiparallel), and merging field lines have a large guide field (panel (e)). As shown in Figure 9 (d) and (f), the lower new arcade (purple lines) is almost parallel to the polarity inversion line, and is connected to the middle pair. The upper new arcade (white lines), which was ejected upward from the reconnection site, connects the far ends of the two magnetic arcades (yellow and blue).
We also note the magnetic connectivity above the photosphere shown in Figure 9 . A fraction of the magnetic field of the main spots is connected to the middle pair. The other magnetic field connects the two main spots. A portion of the magnetic field connecting the main spots is the reconnected field (white lines in Figure 9 ).
We have seen that in Figure 9 , both the yellow and blue arcades on two sides of the polarity inversion line (PIL) as well as the (purple) reconnected loops connecting the middle pair are highly sheared along the PIL of the middle pair. When we look at the photospheric motion, we find the vortical or rotational motion within each of the two main polarities (Figure 10 (a) ). Figure 10 (b) shows the temporal evolution of the vertical vorticity ω z averaged over the area where |B z | is above 75% of the peak |B z | value. From the figure, we find that the counterclockwise vortical motion becomes prominent at time t ∼ 320τ , and persists throughout the subsequent evolution. To illustrate the development of magnetic shear, we show the temporal evolution of the vector magnetogram of the middle pair at the photosphere and middle chromosphere in Figure 11 . We can clearly observe that the horizontal magnetic field becomes more parallel to the PIL at those heights as time progresses. Note that the horizontal magnetic field strength is small just on the PIL. This is because the middle pair is formed as a result of the submergence, not the emergence. As investigated by Fan (2009) , the vortical motion (and the horizontal motion) of the main polarities builds-up magnetic shear in this simulation. We also note that the magnetic shear near the PIL is not due to the direct emergence of a sheared field.
Magnetic and Flow Structures in and near Middle Pair
The middle pair is pushed and confined in a narrow region after the formation (Figure 4) . To understand the confinement mechanism, we looked at the flow structure and the Lorentz force at the photosphere. The top panel of Figure 12 shows horizontal velocity vector on the magnetogram, and we can see the converging flow to the PIL. This converging flow is a natural consequence of the development (expansion) of the two magnetic arcades. The bottom panel of Figure 12 displays the Lorentz force vector, and we can find that the horizontal Lorentz force is pushing the two polarities together. We checked the pressure balance across the PIL of the middle pair. Figure 13 displays the profiles of the total pressure, gas pressure, magnetic pressure, and dynamic pressure across the PIL. The total pressure is almost constant across the PIL, which will explain the persistent existence of the middle pair. We can see that the high gas pressure region is supported by the magnetic pressure. We also found that the magnetic pressure has its peaks at the edges of the high pressure region because of the dynamic pressure of the converging flows.
The horizontal magnetic field is important for producing the large magnetic pressure near the PIL. As shown in Figure 10 , the main polarities show the vortical motion to shear the field. Figure 14 (a) displays the development of the horizontal field along the PIL (see also Figure 11 ). Figure 14 (b) shows the ratio of the horizontal field B h = B 2 x + B 2 y to the vertical magnetic field B z . It is found that the horizontal field is much stronger than the vertical field outside the middle pair and the PIL is sandwiched in the strong horizontal field regions. Therefore, the development of the magnetic shear along the PIL by the vortical motion of the main polarities is a key to confine the narrow middle pair.
We also found persistent fast shear flows along the PIL (see the top panel of Figure 12 ). The maximum velocity is about 2C s0 , which is supersonic at the photospheric level. To understand the driving mechanism, we investigated the acceleration by the Lorentz force and the pressure gradient force. Considering that the PIL is roughly straight and almost parallel to the unit vectorê = (−1/ √ 2, 1/ √ 2), we made the dot products of the two force vectors and this unit vector to see the acceleration in the direction of the PIL: f L,PIL ≡ (J × B) ·ê and f P,PIL ≡ (−∇p) ·ê, respectively. Figure 15 displays the relation between the two forces and horizontal flows. The color indicates f L,PIL (Top) and f P,PIL (Bottom). Note that positive (negative) f L,PIL accelerates plasma in the upper-left (lower-right) direction. The same is true for f P,PIL . The horizontal velocity vector shows that the converging flows drastically change their direction to the direction of the PIL at the edges of the middle pair. From the figure, it is found that the shear flows along the PIL are driven by the Lorentz force. The pressure gradient force has no significant contribution (this implies that the hydrodynamic baroclinic vorticity generation (−∇(1/ρ) × ∇p) can be neglected). The acceleration regions coincide with the strong magnetic pressure regions at the edges of the middle pair, where the plasma β is less than unity (see Figure 13 ). The direction of the shear flow is determined by the expansion of each magnetic arcade: the magnetic arcade with the positive (negative) main polarity drives the shear flows in the positive (negative) x-direction.
We briefly compare our simulation with an observational example of δ-spot regions. We focus on Active Region NOAA 11429 that was one of the most violent δ-spot regions in the solar cycle 24. The δ-spot region appeared in March 2012, and produced three Xclass flares. Because of the high activity, it have been drawing many authors' attention (e.g. Petrie 2012; Shimizu et al. 2014) . Figure 16 displays snapshots of the active regions and snapshots of the magnetogram obtained from our simulation (note that the sign of B z of the magnetogram from the simulation is reversed just for better comparison). The continuum and magnetogram images were taken by the Helioseismic and Magnetic Imager (HMI: Schou et al. (2012)) on board the Solar Dynamics Observatory. The active region appeared in the northern hemisphere, and did not follow the Joy's Law. The mean force-free parameter α of this region calculated in SHARP (Spaceweather HMI Active Region Patch) data was negative, which means that the region obeyed the helicity hemispheric rule. This is consistent with the apparent magnetic structure: the largest positive and negative spots show a left-handed twist. Our simulation reproduced some observed features of this δ-spot region. The observed δ-spot region has a narrow complex polarity pair between the main polarities (indicated by the arrow in the figure), and therefore it had a complex quadrupole structure. In addition, the middle pair appeared after the emergence of the main polarities. These observed features are also found in our simulation.
DISCUSSION
We have examined the evolution of the emergence of a kinked flux tube from the interior of the Sun to the corona using a 3D MHD simulation: we studied the rising of the kinked tube in the interior, emergence into the corona, and evolution of the coronal magnetic field. On the basis of the results, we discuss the kinked tube emergence scenario as a possible origin of the δ-spot regions.
From the simulation, unlike the previous expectations based on the bodily emergence of a knotted tube Linton et al. 1999) , we found that the kinked tube can naturally form a complex quadrupole structure at the photospheric level. The appearance of the complex quadrupole structure has not been pointed out by the previous studies. This simulation is of much higher resolution compared to the previous study (Matsumoto et al. 1998) , and therefore we could find the development of the middle pair and the quadrupole morphology. The main magnetic polarities appeared first, and later another pair of magnetic polarities is formed between it as a result of the submergence of emerged magnetic fields. This leads to the formation of a quadrupole structure and two coronal magnetic arcades.
Owing to the emergence of the two strong flux concentrations formed just below the photosphere, and the comparatively weaker twist at the middle between the two concentrations, the top heavy layer above the emerging fields is driven to accumulate plasma at a central dip, which results in the submergence of the heavy plasma and the formation of the quadrupole structure. A schematic diagram of the formation of a quadrupole photospheric structure and the two-arcade system is illustrated in Figure 17 . The kinking of the tube reduces the magnetic twist of the tube at the apex, and the magnetic field at the apex be-comes more unidirectional (see the top panel of Figure 17 and Figure 7) . As a result, the magnetic tension force to retain the coherency of the flux bundle decreases locally. Owing to the small tension force, the horizontal expansion of the apex of the tube is promoted. The magnetic field strength and the upward Lorentz force becomes weaker, causing the submergence of emerged fields. The bottom panel of the figure describes the flux emergence in the y-z plane. The two flux concentrations on this plane are formed by the kinking of the axis (they correspond to the two parent flux tubes of the main spots). Two arcades develop from the two flux concentrations with a portion of the emerged fields undergoing submergence, which leads to the formation of a current sheet between them (see also Figure 8 and 9). Finally magnetic reconnection takes place there to form a sheared magnetic arcade above the polarity inversion line.
The kinked part, which is the most buoyant part, is subject to the kinking and strong horizontal expansion. As a result, the twist and field strength are largely reduced. This means that some of the free magnetic energy of this segment is already released before the emergence. However, the twist and field strength of the parent flux tubes remain strong, which means that a large amount of the free energy is stored there. The free energy is injected in the form of the vortical motion of the main polarities after the emergence, and the less-sheared coronal field is twisted up eventually (Figure 10, 11, and 14) . Also, the highly nonuniform distribution of the twist and field strength along the tube will explain that the middle pair has the less-coherent photospheric structure and the main pair has a strong twist with a coherent structure. Fan et al. (1999) and Linton et al. (1999) speculated the origin of the sheared field above a polarity inversion line (PIL) by simply taking horizontal cuts of the kinked tubes approaching the surface, and argued that the shear can be introduced by the kinking of a tube. In this study, on the contrary, the magnetic shear along the PIL is weak in the early phase of the emergence, which means that the direct emergence does not provide a strong sheared field above the photosphere. The strong magnetic shear is built-up by the vortical motion of the main polarities.
As another possible origin of δ-spot regions, Toriumi et al. (2014) and Fang & Fan (2015) proposed a simple scenario in which a single twisted flux tube with two buoyant segments emerges (here we refer their model as the"multi buoyant segment model, MBS model"). It was found that this model successfully accounts for many observational characteristics of the active region with a quadrupole structure NOAA 11158. Here we compare the kinked tube model (KT model) and their MBS model. In both models, a quadrupole photospheric structure can be formed, and the middle pair is locked by the Lorentz force. In addition, the middle pair in both models are magnetically connected below the surface.
However, we see a difference in the photospheric structure between the two models. The middle pair found in KT model shows a narrow and incoherent structure, but every spot in the quadrupole found in MBS model can have a coherent structure. In KT model, we found the flux imbalance between the main pair and the middle pair. However, the flux imbalance in MBS model is less prominent. Photospheric polarity motion and magnetic reconnection are important to form a sheared field on and near the PIL in both models. The magnetic shear in KT model is introduced mainly by the vortical motion of the main polarities. The shear in MBS model is introduced by the stretching of the reconnected field by the horizontal spot motion.
We observe supersonic shear flows along the PIL of the middle pair. We identified that the driving force is the Lorentz force, as found in previous studies (Manchester 2001; Fan 2001) . The flows are driven by the Lorentz force at the edges of the middle pair, where the plasma β is less than unity. The strong magnetic field at the edges is resulted from the squeezing by the high gas pressure and the dynamic pressure of the converging flows. The converging flows are driven by the expansion of two magnetic arcades, and the direction of the shear flow is also determined by the expansion. Therefore, the generation of the shear flows is a direct consequence of the development of the two arcades.
We briefly compared our simulation with a δ-spot region NOAA 11429, and found similarities in the behavior of the photospheric magnetic structures. The δ-spot region has a narrow complex polarity pair between the main polarities. In addition, the middle pair appeared after the emergence of the main polarities. On the basis of our simulation, we expect that the spots in the δ-spot region are magnetically connected below the photosphere, which is important for keeping δ-spot regions compact. We note that we have to be careful to compare our simulations to observations: the total amount of the magnetic flux of a main spot is only 3 × 10 20 Mx (smaller than a typical value, ∼ 10 22 Mx), and the convection and radiative cooling are not included. Because of the lack of the radiative cooling, the penumbra that is important to define the δ-spot regions cannot be formed in the simulation. In this study, we hypothesize that the polarities of the middle pair is locked closely enough to be surrounded by a common penumbra. To confirm the speculation, more realistic simulations and detailed comparison with observations are necessary. Takizawa & Kitai (2015) performed a statistical study, and found that flare-productive δ-spot regions tend to have a quadrupole structure and are likely to be formed by the emergence of a singly connected structure. In addition, they clarified that the flare activity is highly correlated with the magnetic complexity. Our simulation showed the formation of a complex quadruple structure from a single flux tube. Considering this, we conjecture that our results may give a general picture of the formation of the highly flare-productive δ-spot regions.
It has been argued that magnetic reconnection between sheared fields is important for the onset of solar flares (e.g. Moore et al. 2001) . It has been also discussed that a quadrupole structure is preferable for the filament eruption (e.g. Antiochos et al. 1999; Hirose et al. 2001; Yurchyshyn et al. 2006) . Our simulation shows that the coronal magnetic structure changes its topology via reconnection between sheared arcades in a quadrupole region, although the formation and eruption of a flux rope was not achieved probably due to a short-term calculation in a smaller domain size than the size of a real active region (Figure 9 . We note the similarity between the reconnection in our Figure 9 and the reconnection in Figure 1 of Moore et al. 2001) . Considering this, our results could be relevant for understanding how the formation of δ-spot regions with a quadrupole structure can lead to the onset of solar flares. For comprehensive understanding including the onset of flares, it is necessary to perform longer-term calculations in a larger calculation domain size. Table 1 for the normalization units. 
